Introduction
Chiral sulfoxides play a prominent role among the chiral auxiliaries used for the synthesis of enantiomerically pure compounds, such as natural products [1] , and remarkable success has been achieved [2] , particularly for terpenes. The classi cal Andersen synthesis of such chiral sulfoxides from diastereomerically pure sulfinates with Grignard or lithium reagents [3] can be applied only to a limited num ber of sulfoxides, and thus, the oxi dation of sulfides to chiral sulfoxides, as the most direct access, remains a challenging task. Among the methods available, the microbiological proce dures [4] allow the preparation of almost enantiomerically pure sulfoxides of special types. The more general chemical methods include catalytic oxidations, using bovine serum albumin or fla vines [5] , and K agan's modification of the Sharpless oxidation (titanium /tartrate catalyst) [6] seems to be well suited for most purposes. Non-catalytic processes are of interest only where they apply ex ceedingly mild reaction conditions. This is the case with chiral oxaziridines [7] , A variety of such oxi dants has already been prepared for this purpose [8] [9] [10] [11] , and it was found that rigid and sterically crowded oxaziridines activated by an electronwithdrawing sulfonyl group at nitrogen give the best results. This concept is ideally realized in the bicyclic system o f cam phor, which is easily derivatized to form many useful chiral auxiliaries [12] . The main advantage is that most reactions at the cam phor skeleton are highly stereoselective, and only few procedures involve the separation of diastereoisomers. We have prepared some new oxa ziridines derived from 8-camphorsulfonic acid which are modified in the position 3 of the cam phor molecule, and wish to report here on the results in the oxidation o f sulfides to chiral sulf oxides.
Results and Discussion
We have reported on the synthesis of the cam phor-derived oxaziridines 2 [9] , 3 [10] , 4, 5, 6, 7, and 8 [13] , included in this study. The preparation of the fenchone-derived oxaziridine 9 will be re ported elsewhere. The oxidations were performed in CC14 at standard concentrations (0.05 mol/1 for both oxaziridine and sulfide), as this is the solvent which gives the highest enantiomeric excesses in almost all cases [9, 11] . The oxaziridines are not always completely soluble, which means that long er reaction times are required, especially in the case of the camphorlactone-sulfonyloxaziridine 3. parameters, to see if it might be possible to predict the reactivity and selectivity of new oxaziridines. We therefore measured the redox potentials and the p O N M R spectra of some oxaziridines. These data are listed in Table I . As no l70 N M R data have been reported for oxaziridines up to now, we have also included the racemic oxaziridines 10, 11, and 12, for comparison. It is interesting to note that all oxaziridines give signals between -1 8 and -2 0 ppm, a very narrow range compared with the large differences ob served between compounds of the same type, e.g. m ethanol (-3 7 ppm) and ethanol ( + 6 ppm). It seems that the geometry of the three-membered ring mainly governs the chemical shifts, and not the influence of the electron donor or acceptor ca pacity of the substituents. It is very striking that the strongly electron-withdrawing sulfonyl substi tuents at nitrogen do not have significant effects, nor does the structure of the carbon substituents. The linewidths (5 0 -160 Hz) are normal for the ob servation temperature (37 C). This narrow range of the chemical shifts excludes reliable correlations with reaction rates or enantioselectivity. The l70 chemical shifts of other oxygens in the molecules lie in the range expected for this functional groups [20] .
As judged from the redox potentials, the elecFirst, we were interested in correlations of reac-tron acceptor capacity of the oxaziridines increastion rates and enantioselectivities of the oxidation es in the direction 3<6< 1<2<9<7<8<4. of sulfides to chiral sulfoxides with other physical The reduction waves of all oxaziridines are irrever- Table I sible, which points to a chemical reaction occur ring after the initial one-electron reduction. It is not obvious what this reaction might be. The time necessary for complete conversion of the sulfide (Table II) is used as a rough measure for the reac tion rates; the low solubility of some oxaziridines does not allow to determine exact rates. For the oxidation o f methyl phenyl sulfide, the reactivity increases in the direction 7 -6<3<4<5< §2. 8 and 9 react very slowly with sulfides, and only very low yields o f sulfoxide were obtained with these oxaziridines. They are therefore not included in Table II .
As for the enantioselectivities of the same oxida tion, we have found an increasing efficiency in the direction 1 -5 < 6 < 7 < 2 -4<3. No correla tion with the reaction rates nor the redox poten tials could be found, which means that any new oxaziridine has to be tested individually for its effi ciency as chiral oxidation reagent, as no predic tions can be made from other data. It seems that this efficiency is mainly determined by steric effects.
The differing steric requirements of the substi tuents in the position 3 of the cam phor skeleton lead to a different behaviour of the oxaziridines in the oxidation of sulfides. This is illustrated for the oxidation of methyl phenyl sulfide in Schemes 2 -4 .
For the oxidation of sulfides by oxaziridines, it is generally agreed that the approach of the sulfur to be oxidized to the oxygen of the oxaziridine occurs in such a way that both lone pairs of sulfur lie in the plane of the three-membered ring. It then depends on the space available on the left or right side of the oxaziridine group how the larger or smaller group of the sulfide is orientated. The en-reacts with the oxygen [21] . However, it should be antioselectivity of the oxidation is due to non-kept in mind that there is a strong solvent dependbonded interactions which have to be minimized in ence in the selectivity of such oxidations,, and even the transition state, and therefore it is the "lower" the direction of the enantioselectivity may be re electron pair (as depicted in Schemes 2 -4 ) which versed [9, 21] , which suggests the participation of solvent molecules in the transition state. Restrict ing the discussion to solvents with low polarity, such as CC14 in our case, will probably render such a simple picture more valid.
Let us consider first oxaziridine 4 (Scheme 2). The very voluminous bromine in the endo-position reduces dramatically the space available on the left side of the oxaziridine, and an efficient orientation of the large group (phenyl) to the right side can be expected, leading to a high e.e. of (S)-methyl phe nyl sulfoxide (entry 3 in Table II ). On the other hand, an e.ro-orientation of the brom ine, as in 5, should have almost no effect on the space available in the vicinity o f the oxaziridine, and 5 should therefore behave in the same way as the unsubsti tuted 1. This is indeed true; both oxaziridines give low enantioselectivities, with a slight preference for the (R)-sulfoxide (entry 4). The low e.e. indi cates that the difference in the space available on both sides is quite small. The oxaziridine 6 with the rigid and almost planar dioxolane ring has quite a similar geometry as 1, and only the oxygen lone pairs occupy somewhat more space than the hy drogens of 1 (Scheme 3). The hydrogens of the methylene bridge of the dioxolane point down wards and do therefore not interfere with the ap proach o f sulfides. The result (a small preference for the (R)-sulfoxide, entry 5) indicates that the space available is still greater on the left side of the oxaziridine ring. The situation is completely differ ent in the case of oxaziridine 7 containing the dioxane ring. It has a high conform ational flexibili ty, and it has been found by m easuring the nuclear Overhauser enhancements that the preferred con form ation of this ring is chair-like [13] , As shown in Scheme 2, this implies that the trimethylene bridge is bent forward and thus is able to block the left side of the oxaziridine ring to a high extent. A considerable preference for the (S)-sulfoxide results (entry 6).
The exchange of the sp3 carbon in the position 3 of oxaziridine 1 with a sp2 carbon to form 2 brings the carbonyl oxygen in a position where its lone pairs reduce the space on the left side o f the oxazi ridine ring; it is therefore not surprising that the (S)-sulfoxide is formed with good enantioselectivity (entry 1). The enlargement o f the five-membered ring which contains the carbonyl group by an additional oxygen (oxaziridine 3) brings the carbonyl oxygen very close to the oxaziridine oxy gen; from an X-ray structure of 3 [10] , this distance is calculated to be only 2.86 Ä (Scheme 4). Thus, the space available on the left side of the threemembered ring in 3 is dramatically reduced, and high enantiomeric excesses of (S)-sulfoxides can be expected. Indeed, 3 gives the highest e.e. of methyl phenyl sulfoxide (79%, entry 2). In some cases, the results with the tW o-brom o-oxaziridine 4 are slightly better (entries 11, 19, and 29 vs. 10, 18, and 28) , which means that both oxaziridines can be considered as valuable new oxidizing agents for sulfides, and to obtain optimum results, both should be compared. The highest e.e. was observed in the case of the ethyl /?-tolyl sulfoxide with 4 (85%, entry 11). As for the preference of (R)-benzyl ethyl sulfoxide (entries [17] [18] [19] , one can im ag ine that the introduction of flexibility in the sulfide by the CH 2 group between phenyl and sulfur will allow the planar phenyl group to turn away from the cam phor skeleton, and thus the ethyl group may appear bulkier to the oxaziridine and stay on the right side, which leads to the (R)-sulfoxide after oxidation.
The new oxaziridines are compatible with many other functional groups, e.g. carbon-carbon dou ble bonds (entries 24-27) and ester groups (entries 30-31). Growing applications of these and other chiral oxaziridines in the synthesis o f sulfoxides as intermediates for naturally occurring products can therefore be expected. We will report on further camphor-and fenchone-derived oxaziridines in due course. Experimental N M R spectra were obtained on a Bruker AM 360 instrument at 48.82 M Hz for n O at 37 °C, in d6-acetone which was also used as internal refer ence ((5 = 569 ppm). Redox potentials were deter mined by cyclovoltammetry with a EG & PAR 173 potentiostat/galvanostat and a EG & PAR 175 universal programmer, in a solution of 0.1 mol/1 NBu4BF4 in tetrahydrofuran, relative to the inter nal ferrocene/ferrocenium redox couple (Ep/2 = 0 V). Optical rotations were measured with a Roussel Jouan Digital 71 polarimeter. The syntheses and properties of the chiral oxaziridines derived from camphorsulfonic acid have been de scribed earlier [8] [9] [10] 13] , as well as the racemic oxaziridines 10, 11, and 12 [14, 15] , The synthesis of the fenchone-derived oxaziridine 9 will be reported elsewhere.
Asymmetrie oxidation o f sulfides to chiral sulfoxides
To a solution o f the sulfide (5 mmol) in CC14 (100 ml) is added the oxaziridine (5.5 mmol) , and the mixture is stirred at room tem perature for the time indicated in Table II , with exclusion of mois ture. With oxaziridine 3, it is sufficient in almost all cases to filter off the precipitated imine and evaporate the solvent to obtain pure sulfoxides (less than 2% impurities detected by 360 M Hz 'H N M R), with only few exceptions (entries 18, 23, 25, and 31 in Table II ). In these cases and with all other oxaziridines, the crude sulfoxide is purified by preparative thin layer chrom atography (com mercial plates (Merck), diethyl ether). The enan tiomeric excesses o f the sulfoxides are determined by polarimetry. In the cases marked with ? in Table II , the optical rotation of enantiomerically pure sulfoxides is not known, and could not be determined by N M R with lanthanide shift re agents.
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